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Abstract—This paper will review techniques of 
manufacturing wearable antennas. 3D printing can be used to 
create flexible substrates. 3D shapes can be created which can be 
used to reduce the antenna size. Embroidery will also be 
discussed. The technique naturally lends itself to linear antennas.  
Index Terms—wearable antennas, 3D printing, embroidered 
antennas. 
I.  INTRODUCTION 
The world is becoming increasingly reliant on wireless 
communication. Some widely quoted statistics and estimates 
of the future proliferation of this technology include: i) there 
will be 50 billion devices connected to the internet by 2020 
[1]; ii) we now create more data in less than 10 minutes than 
we did in all of human history up until 2008 [2]; iii) there will 
be close to a trillion sensors in 5 years and approaching 100 
trillion sensors by 2040 [3] - this corresponds to approximately 
10,000 per person. Note, different sources have different 
numbers and any predictions of the future have uncertainties. 
Many of these devices will require wireless connectivity. 
Wearable antennas have been discussed for many years [4]. 
However, it is only with the recent miniaturization of 
computing and development of the associated electronics that 
are driving the current growth in wearable technology. There 
are hundreds of millions of wearable devices that are shipped 
every years and this is universally predicted to keep growing. 
The markets include sport and leisure, military, health, well-
being and the medical sector (however the administrative 
obstacles to entry are larger). The possibilities are limited only 
by the public imagination, for example CuteCircuit have 
already developed a dress that has an inbuilt Twitter feed. The 
technical advancements and commercial opportunities need to 
be marketed in the right way to capture the public’s interest. 
Smart glasses [5] have had limited success thus far but are 
likely to reworked in the near future. Smart watches are 
currently popular with an aesthetic form and convenient user 
interface. It is likely that the next generation of smart wearable 
technology will be embedded directly into the clothing and the 
associated sensors will perform intelligent functions without 
the user being aware of their presence.    
All of these emerging technologies will require smaller 
antennas or antennas that can be embedded into conformal or 
flexible shapes and materials. Interesting work on wearable 
antennas includes but is by no means limited to [6]–[17]. It is 
well understood that the body is not the ideal place for an 
antenna. The relative permittivity of the body can detune the 
antenna and the lossy material can reduce the efficiency. A 
small separation can mitigate these effects to some extent. The 
effects are more severe at low frequencies where the 
wavelengths are larger. The tissue type and composition is 
important. At 1.8GHz, muscle has a relative permittivity of 
53.55 and a conductivity of 1.34S/m, while the same properties 
of fat are 5.35 and 0.08S/m [18]. The effects of the body are 
smaller when there is a high fat content. Fortunately for 
antenna engineers, the world is suffering from an obesity 
epidemic. It is therefore ironically appropriate that some 
wearable technology will be used for health conditions brought 
on by obesity.  
II. 3D PRINTING 
3D printing, see Fig. 1, is an exciting discipline that is 
highly topical with applications in many fields. The process 
allows bespoke shapes to be created with geometries that 
would be impossible using conventional machining. 
Furthermore, by varying the internal structure, we can alter the 
dielectric properties. If air inclusions are added inside a host 
material the relative permittivity is reduced [19]. If metallic or 
high permittivity inclusions are added in a matrix, then the 
permittivity can be increased [20], [21]. 
3D Printing has a rapidly expanding palette of materials. 
They have thus far been largely designed for their physical 
properties and can be highly flexible, see Fig. 2. The dielectric 
properties of the 3D Printed samples were measured using a 
split post dielectric resonator at 2.4GHz, see Fig. 3 [22]. The 
measured results are shown in Table 1.  
 
 
Fig. 1. One of several 3D Printers at Loughborough University 
 
 
 
Fig. 2. DM9760 is a flexible 3D Printed Material 
 
 
Fig. 3. Split post dielectric resonators at 1.1, 1.9 and 2.4GHz 
 
Table 1. Measured dielectric properties of 3D Printed samples 
 εr tan δ 
Vero White 2.98 0.029 
DM8425 3.01 0.032 
DM9760 2.99 0.051 
 
3D Printing is gathering significant interest in terms of its 
potential for electromagnetic applications [23], [24]. 
Alternative materials have lower loss tangents at microwave 
frequencies. Recent developments allow composite mixtures 
with enhances permittivity or permeability to be made and 
then extruded and printed or cast [25]. 
3D Printing allows the shape to be altered so that antenna 
designers are no longer constrained to flat substrates. 
Underneath a patch antenna the electric fields are not uniform 
and hence there is scope for extra degrees of freedom by 
changing the geometry. For examples ridges can be added to 
the center of the patch antenna, see examples in Fig. 4. Note 
metal tape was added for the ground and patch. The results for 
a triangular and curved ridge are shown in Fig. 5. Empire 
finite-difference time-domain (FDTD) software was used for 
the simulations. The ridge acted as an inductive stub and 
reduced the frequency. Note, the frequency shift due to the 
extra change in length was minimal.  
  
 
 
 
Fig. 4. Examples of non-planar substrates before copper tape is added 
 
.  
Fig. 5. S11 of patch antennas with ridges at the center 
III. INKJET PRINTED ON-BODY ANTENNAS 
Another fabrication possibility is inkjet printing. This has 
the advantages of not needing a mask and has a high printing 
resolution. However, the thickness of the conductor is typically 
limited to approximately one micron. This means that it is 
difficult to print on textiles that are absorbent and have a high 
degree of surface roughness compared to the metallization 
thickness. The conductivity of the ink is typically around 
1MS/m. It is therefore difficult to use inkjet printing at low 
frequencies and achieve reasonable efficiencies. One way of 
circumventing the surface roughness problem is to first screen 
print an interface layer on top of the fabric. This provides a 
smooth surface to inkjet print antennas [26]–[28]. 
The textile element of on-body antennas can even be 
removed and the antennas can be tattooed onto the skin. Inkjet 
printing can be used to print conducting shapes onto temporary 
tattoo paper [29]. Slot antenna based RFID tags were designed. 
The actual shape of the tag can be varied and was designed to 
represent Loughborough and Kent University logos [30]. The 
orientation of the fields within the slot meant the tags could be 
placed in close proximity to the body. Read ranges of 
approximately 50cm were achieved with only a 10 micron 
separation layer between the body and the tag.  
IV. EMBROIDERED ANTENNAS 
Embroidery is an attractive possibility for wearable 
electronics. Specialist conducting threads exist that have a 
polymer core and a silver / nickel outer coating. They are 
designed for their conductivity and need to be handled with 
care to avoid breakages. A specialist embroidery machine at 
Loughborough University, see Fig. 5, allows the tensions and 
the speeds to be controlled. The conducting antennas can be 
designed in electromagnetic software and imported directly 
into the machine.   
Advantages of using embroidery include: aesthetics; not 
needing glue; one manufacturing process and suitability for 
unique items or mass manufacturing. The thread can be 
expensive but this is expected to decrease with time. The 
resolution of the embroidery process is approximately 0.5mm. 
This means it is limited in terms of the maximum frequency. 
The metallization coating is much thinner than the thread 
diameter. It is also partially composed of nickel to achieve the 
adhesion and hence the conductivity is lower than copper. 
Therefore the frequency range is limited by the skin depth at 
the lower frequencies and the achievable resolution at higher 
frequencies.  
Published papers on embroidered antennas include [31]–
[41]. The stitch type and direction are important. It was found 
that the current prefers to travel along the thread rather than 
jump from thread to adjacent thread. Therefore, the stitch 
direction should be parallel to the direction of current flow to 
achieve the highest efficiency. Patch antennas are examples of 
two dimensional shapes and the current spreads across the 
surface in two directions. Therefore patch antennas are not 
ideal candidates for embroidery. Linear antennas such as 
spirals or fractal antennas are good candidates for embroidery 
in terms of optimizing the performance and minimizing the 
length (and cost) of thread required.   
 
 
 
Fig. 6. Digital embroidery machine at Loughborough University 
 
 
 
V. CONCLUSIONS 
This paper has summarized some of the manufacturing 
techniques used for wearable antennas. 3D Printing offers 
many new degrees of freedom in terms of shape and dielectric 
properties. The way the current flows on the embroidered 
threads naturally lends itself to linear spiral, meandered or 
fractal antennas.  
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